Abstract ARTEMIS, the Advanced Robotics and TElemanipulator System for Minimally Invasive Surgery, is designed as an integrated teleoperation and telepresence system for planning, training and performing different minimally invasive surgical procedures. The actual prototype was developed as an experimental device for exploring and testing the needed technologies and their capability and quality with respect to surgical application. The main components are two master-slave units guiding the surgical instruments and a remotely controlled endoscope guiding system. Each master-slave device consists of the slave or work unit and the master or control unit which are interconnected by a computer based control system. The work unit is operating at the patient by means of dexterous surgical instruments consisting of multifunctional endoeffectors with¯exible distal section providing six degrees of freedom. The kinematic structure of the work unit ensures a precise motion around the incision point through the abdominal or thoracic wall. The master or control unit guided by the surgeon is designed to enable the surgeon to operate intuitively as if he were guiding the tip of the endoeffector manually. The powered endoscope guiding system is equipped with a 3D-endoscope. The computer based control system interconnecting control and work units has an open system architecture which allows to couple differently designed masters and slaves, monitoring systems, graphical system and user interfaces. The endoscope can be guided by a simple joystick, voice control or automatic camera tracking. For minimally invasive cardiac surgery a new concept has to be developed. In co-operation with the Cardiovascular Institute of the University of Dresden a step-by-step procedure was agreed. The state-ofthe-art is described. q
Introduction
The minimally invasive surgery bene®ts the patient through the reduction of trauma, risk of in¯ammation, discomfort, postoperative complication, disruption of lifestyle and long-term disability. Above all this is valid for cardiac surgery. The median sternotomy presents the common and easily made surgical gate, but causes complications such as infections, mediastinitis and nerve injuries. In order to avoid or to reduce these complications a variety of minimally invasive surgical techniques have been developed especially for the treatment of coronary artery disease [1] . This innovative kind of surgery and its quality depend to a certain extent on the quality and technical status of the instruments, the video imaging system and the technical periphery. Compared to manually performed minimally invasive procedures a manipulator assisted operation can offer additional advantages like smaller incisions, increased safety, responsiveness to the surgeon's desire, dexterity and precision in executing the tasks.
ARTEMIS was developed for the abdominal minimally invasive surgery, e.g. cholecystectomy, appendectomy, vagotomy etc. as an experimental manipulator system. The goal was to prove whether a manipulator is suitable for a safer surgical operation and to evaluate the different necessary technologies.
ARTEMIS
The experience with sophisticated remote handling systems for nuclear and industrial application could to a large extent be transferred to the development of ARTE-MIS. This experience was gained over more than thirty years at the Karlsruhe Research Centre [2] .
ARTEMIS was developed after the master slave principle, i.e. the surgeon is guiding the master arm and the slave arm at the patient is pursuing all commands of the master arm slavishly and correctly.
Based on extensive system analysis, during different minimally invasive interventions, on pretests with existing telepresence systems and on simulation experiments with the graphical simulation tool KISMET [3] , preliminary requirements were speci®ed for the working units (slaves), the endoscope guidance system, the master units and the user interface. These requirements have been continuously improved according to the experiences collected during the project.
In its current experimental phase the ARTEMIS system is a prototype with which the principal possibilities of telepresence techniques for minimally invasive surgery can be demonstrated. Existing developments of telemanipulation and telepresence systems were adapted to the medical application. Fig. 1 shows the whole ARTEMIS test facility; in the forefront the surgical work place with two master units for the right and left hand, in the background distance the two slave units and the endoscope guiding system installed at a phantom test con®guration. One basic requirement was that the surgeon wants to have direct vision contact with the patient and the anesthesia area. The situation shown in Fig. 1 could be the future one in the operating room.
The resulting overall structure of ARTEMIS is shown in Fig. 2 , it can be divided into the three main parts:
² the man machine interface as the surgical work place; ² the work system with the different working units; ² the control system as the interconnecting part.
These parts will be explained in more detail as follows.
Surgical work place (Fig. 3)
There are some general requirements to be ful®lled.
² The man machine interface has to verify an intuitive working for the surgeon, i.e. the surgeon must have the H. Rininsland / European Journal of Cardio-thoracic Surgery 16 (Suppl. 2) (1999) S106±S111 S107 sensation as if he were doing the operation by his hands in the operational situs. ² The workstation must offer a ergonomically comfortable working position. ² All necessary information must be available or present at any time during operation.
The main components of the workstation are the two master or control units operated by the surgeon. They are kinematically identical to the slave units. Special features are enhanced weight and friction compensation; weight and motion can be scaled up or down and force re¯ection is provided by different means. The de®nition of a limited working as an essential safety feature is possible where the boundaries by software de®ned virtual walls providing movement restriction.
The endoscope guiding system can be controlled by different technical solutions. The simplest one is a ringlike joystick, but also a voice control and an automatic endoscope tracking system are provided.
The surgical work place is equipped with three TVscreens. The central screen presents the 3D picture of the 3D endoscope. A 3D system is necessary to provide the surgeon with optimal orientation, high mobility and a brilliant image. 3D vision is the best adaptation to human visual perception.
The left hand screen acts a graphical user interface and displays information on the status of the system, being interface for parameter selection and system set-up. In addition necessary dates about the patient and his actual status can be presented.
The right hand screen provides the presentation of a computerised graphical simulation of the actually running operation by means of the KISMET program [3] . KISMET is a 3D graphical simulation program developed at the Karlsruhe Research Centre. It allows the 3D-geometrical, kinematical and multi-dynamics simulation and animation of complex mechanical structures like instruments guiding systems or robotics for realtime performance. For the anatomical surgical environment elastodynamically deformable tissue and organ models are available. Combined with the advanced capabilities of high performance graphical workstations it is possible to generate virtual endoscopic views of surgical scenarios with high realism and in realtime. In the future it will be possible to generate the individual surgical scenario on the basis of MRT, CT, US etc. results. Fig. 4 shows the working or slave side of ARTEMIS with the two working or slave units and the 3D-endoscope guiding system, set up with a pelvis trainer.
Working or slave units at the patient
The endoscope guiding system was designed for the solo surgeon concept, controlled by a joystick which is attached to the manually guided instrument. This system was integrated into ARTEMIS and is supervised by the control system. The kinematical design guarantees a safe and precise motion around the incision point of the thoracical or abdominal wall as an invariant point.
The two working or slave units are guiding the instruments. Each consists of the articulated slave arm which guides the instrument. For safe and precise motion around the point of incision a spherical mechanism is used which consists of an arm mechanism with three coupled axes and one axis of rotation. This structure provides four degrees of freedom and inherent safety through mechanical con-straints. The arm is attached to the operation table as a geometric reference.
The distal end of the instrument is designed as a multilink structure (Fig. 5 ) which bends about more than 1808 and allows to bring the surgical effector precisely into the desired position and to circumvent organs, vessels or nerves. This provides additional two degrees of freedom [4] .
Thus in total six degrees of freedom are available. This guarantees a free access to any spatial point and an optimal motion of the surgical effector.
Control system
The control system is the interconnecting component between the surgical work place and the working units. It contains the partial control systems for the various master and slave units as well as the endoscope guiding unit. In addition it provides information exchange between the different units, the possibility for an integrated control interface and enhanced safety features. It was designed as bus based system structure using industrial standards as far as 
Applicability to cardiac surgery
As mentioned above ARTEMIS was developed, designed and constructed as an experimental telemanipulator system for minimally invasive abdominal surgery. Its operation during phantom and animal tests showed satisfactory and promising results. The different technologies are quali®ed for application in medical robotics especially for demanding minimally invasive surgical procedures [5] . The general lessons learned by ARTEMIS say that ®rstly surgical tasks can only be solved by use and aid of a sophisticated manipulator and secondly the technical solution units be accommodated to the individual surgical area.
After intensive discussion with the Cardiovascular Institute University Hospital Carl Gustav Carus Dresden (Herzund Kreislaufzentrum Dresden) it was decided to develop a manipulator system for minimally invasive cardiac surgery in close co-operation between the cardiac surgeons and the engineers.
In a ®rst step a new endoscope guiding system ± called FELIX ± was realised (Fig. 6 ) which can be equipped with every type of endoscope available at the market, preferably with a 3D-endoscope. It has the same technical properties as the described system for ARTEMIS. The kinematic structure ensures the incision point through the thoracical wall as an invariant. FELIX is mounted on a carrier structure which is attached to a side track of the operation table. Along the side track it can be adjusted according to the desired basic position of the endoscope. Alternatively FELIX can be equipped with a steerable¯exible endoscope, e.g. to look after the sternum for safe harvesting the right mammary. The surgical intervention is done by manually guided instruments. For special treatment they have a¯exible dexterous distal end which allows to position the surgical endeffector around intracorporeal structures. FELIX can be controlled by different control modes. The simplest one is a switch control for the three motions updown, right-left and in-out. In Fig. 6 FELIX is controlled by a speech control unit, which is independent from the speaker's voice.
Based on the design and functionality of the endoscope guiding system the development of instrument guiding systems has been started. New advanced dexterous endeffectors are being developed as precise and¯exible instruments for remotely controlled cardiac surgery. In close cooperation with cardiac surgeons of Cardiovascular Institute University Hospital Dresden this work will be performed in the near future.
Conclusion
ARTEMIS was constructed as an experimental telemanipulator for minimally invasive surgical interventions in abdominal surgery. Its evaluation demonstrated the applicability to a precise teleoperated surgery. The different tech-nologies needed for a safe operation could be tested successfully.
Minimally invasive cardiac surgery is a special challenge for a manipulator guided surgery. To meet the requirements of cardiac interventions a completely new design and concept are needed. Consisting of dexterous¯exible endeffectors, precise instrument guiding systems and a manmachine interface which allows an intuitive working. This development will be performed in close co-operation with Cardiovascular Institute University Hospital Dresden.
